Using, for the first time to our knowledge, the frequency-doubled temporally compressed pulses from a cw-pumped, Q-switched, mode-locked Nd:YAG laser to pump a parametric oscillator based on temperature-tuned barium sodium niobate, we generated resolution-limited pulses of 3.5 psec, tunable from 0.95 to 1.2 ,tm, with an energy efficiency of up to 13% at Q-switched rates of up to 3 kHz.
In the near infrared optical parametric oscillators have been shown to be promising sources of widely tunable radiation. Numerous laser sources and nonlinear crystal combinations have been investigated.' For the generation of pulses with durations of the order of a hundred picoseconds, the systems have been based primarily on lithium niobate or barium sodium niobate (Ba 2 NaNb 5 O15), while the pump source has most commonly been a cw-pumped, actively mode-locked, Q-switched Nd:YAG laser. 2 -5 The high stability, pulse repetition rate, and peak power make the latter type of laser suitable as the pump source for an optical parametric oscillator. However, a cw-pumped modelocked Nd:YAG system was also recently demonstrated to be equally suitable. 6 For the generation of ultrashort pulses a disadvantage of these mode-locked Nd:YAG laser pump sources is their relatively long pulse durations, of the order of 50-100 psec, which lead to the output of pulses in this regime when they are used as a pump source for the parametric oscillator. However, pulse compression of cw-pumped mode-locked or Qswitched mode-locked Nd:YAG lasers and their harmonics can now be routinely carried out by using the standard optical fiber-grating pair configuration. [7] [8] [9] With the use of compressed pulses from mode-locked Nd:YAG laser sources, various synchronously pumped dye laser systems have been shown to generate substantially shorter pulses in the picosecond and femtosecond regimes that are tunable from the visible to the near infrared.
1 0 -' 2 This technique should be readily applied to the synchronous pumping of an optical parametric oscillator, and in this Letter we describe the operation of a picosecond optical parametric oscillator pumped by the frequency-doubled compressed pulses from a cwpumped, Q-switched, mode-locked Nd:YAG laser. A schematic of the experimental arrangement is shown in Fig. 1 . A cw-pumped, Q-switched, mode-locked Nd:YAG laser was used as the source of radiation. At repetition rates of the order of a kilohertz the duration of the Q-switched envelope was 300 nsec, with a total energy of 1.7 mJ. The individual pulse durations in the mode-locked train were directly measured to be 65 psec [see Fig. 2(a) ]. This corresponded to a peak pulse power of 0.6 MW at the center of the pulse train.
A conventional single-pass optical fiber-grating pair arrangement was used to temporally compress the the laser output pulse after compression, (c) the corresponding second-harmonic pulse, and (d) the output pulse from the synchronously pumped optical parametric oscillator. output pulses from the Q-switched mode-locked laser.
The fiber was 85 cm long, single mode at 1.06 gin, and 7 ,um in diameter, with a dispersion of 35 psec/nm km at 1.06 ,um and a loss of 1 dB km'l. Standard lOX and 20X microscope objectives were used to couple the radiation into and out of the nonpolarization-preserving fiber with a coupling efficiency in the region of 50%. The linearity of the pulse chirp was measured directly by using a dynamic interferometric technique, which incorporated a Michelson interferometer in combination with an AGAT-SF 3 streak-camera system. 3 For a launched power of 40 kW in the fiber, the linear region of the frequency-modulated pulses was 3-3.5 cm-l (see Fig. 3 ), and the influence of stimulated To generate the pump radiation for the optical parametric oscillator, a 6.5-mm-long KTP crystal was used to frequency double the compressed pulses at 1.06 gin.
A 7% conversion efficiency to 532-nm radiation was achieved, which gave a peak power of 16 kW in a pulse duration of 4.5 psec. Figure 2(c) shows the corresponding profile of the second-harmonic pulse with the nonlinearity clearly reducing the pulse duration relative to the fundamental and effectively suppressing the radiation that was in the wings of the fundamental pulse and was uncorrected for in the compression mechanism.
The cavity of the optical parametric oscillator consisted of a 10-mm-long Ba 2 NaNb 5 Ol, 5 crystal placed at the common focus of a three-mirror astigmatically compensated cavity. The curved mirrors, with 15-cm radii of curvature, were 100% reflecting at 1.06 gim, while the plane output mirror was 98.5% reflecting at 1.06 gim. To achieve precise matching of the optical parametric oscillator cavity to the 135-MHZ repetition rate of the pump laser cavity, the output mirror was placed on a micropositioner.
For a doubly resonant cavity the threshold for oscillation was 1.1 kW in the second-harmonic pump. This corresponded to an average pump power of 0.16 mW at a Q-switch repetition rate of 1 kHz. The critical importance of the matching of the cavity lengths on the output intensity is shown in Fig. 4 , where the relative output intensity dropped to the 50% level for mismatches of ±100 gim. The data of Fig. 4 are experimental; the open circles are the directly measured signal intensity for the particular cavity mismatch. Error bars are included for two of the measurements. The solid curve is included to give an approximate guideline to the experimentally measured variation of intensity with cavity mismatch. The maximum energy efficiency of the parametric generation reached 13%, while the pump efficiency was 27%. This difference can be explained by passive loss, e.g., Fresnel reflection and parametric wave absorption in the nonlinear crystal and active loss such as energy flow back into the pump wave.
A maximum peak power of 3 kW was obtained from the optical parametric oscillator, and the pulse duration at the peak of the mode-locked output envelope was 3.5 psec [see Fig. 2(d) ]. This recorded pulse duration, however, was limited by the temporal resolution of the recording AGAT streak-camera system. For pump powers 10 times the threshold level the duration of the parametric pulse train envelope was 130 nsec.
Using 90° phase matching, we achieved wavelength tunability by varying the temperature of the nonlinear crystal. 2 tained, which was restricted solely by the reflectivities of the cavity mirrors.
Since the mirrors were highly reflecting for both the signal and the idler, the output spectra exhibited a clustering or modulated effect. The clustering was observed to begin for pump powers 1.5-2 times the threshold power, and an increase in this power led to a new structural appearance. Figures 5(a)-5(c) show the output spectra from the doubly resonant optical parametric oscillator at central wavelengths of 0.96, 1 .005, and 1.022 Am, respectively. The Q-switch repetition rate was 3 kHz, although operation at other rates does not affect the recorded spectra, and the pump power was 10 times the threshold value.
In conclusion, we have demonstrated through parametric generation in a Ba 2 NaNb 5 O, 5 oscillator the generation of 3.5-psec pulses (with measured durations limited by the streak-camera recording system) tunable in the spectral range of 0.95-1.2 Am. This tunability was limited by the reflectivities of the mirrors of the oscillator. The pump source was frequency-doubled compressed pulses of an optical fiber-grating pair from a cw-pumped, Q-switched, mode-locked Nd:YAG laser operating at pulse train repetition rates of up to 3 kHz. It should be noted that pulses of less than 4 psec are unsuitable for pumping a doubly resonant optical parametric oscillator since, owing to group-velocity dispersion, the parametric interaction length is decreased, which results in a decrease in the efficiency of the process and in the output instability and a marked increase in the threshold for oscillation. Because of the doubly resonant interaction the generated spectral profiles exhibited distinct structures; however, with optimization, generation in a singly resonant cavity is possible.
With output powers of 3 kW and the potential of extending the tuning range," 2 this source of picosecond pulses should find application in solid-state studies and has the potential of further pulse compression into the feintosecond regime with the use of high-order soliton effects.
